1. We used anatomical methods to examine whether the geniculocortical afferent input to dendritic spines could be gated or 'vetoed' by an inhibitory input to the same spine.
1. We used anatomical methods to examine whether the geniculocortical afferent input to dendritic spines could be gated or 'vetoed' by an inhibitory input to the same spine.
2. Physiologically identified X-and Y-type afferents were injected intra-axonally with horseradish peroxidase (HRP), processed, and drawn under the light microscope. Selected regions of the terminal arbors were then serially sectioned for examination under the electron microscope.
3. Three-dimensional reconstructions of thirty-nine HRP-filled terminal boutons forming fifty asymmetric (type 1) synapses showed that thirty-one synapses were on the heads of dendritic spines. Only two of thirty-one spine heads received an additional symmetric (type 2) synapse, which is presumed to be inhibitory. 4 . Examination of twenty-three boutons from two clutch cells (a GABA (yaminobutyric acid)-ergic smooth cell) that form symmetric (type 2) synapses on spines indicated that their preferred location was opposite the asymmetric synapse on the head of the spine. Synaptic input to the necks of spines appears rare.
5. We conclude that most of the excitation provided by the geniculocortical afferent input to the heads of spines cannot be gated or vetoed by inhibition at the level of the spine.
METHODS

Animals, surgery and electrophysiology
The material examined here was obtained from three normal adult cats, drawn from a larger sample used in physiological experiments (Martin & Whitteridge, 1984; Freund et al. 1985a, b; Kisvarday et al. 1985; Gabbott, Martin & Whitteridge, 1988) . The animals were prepared as described previously (Martin & Whitteridge, 1984) . Briefly, recordings were carried out on cats anaesthetized with Althesin (Glaxo; 0 4 ml kg-' h-') or Sagatal (May and Baker, 1-3 mg kg-' h-'), paralysed with gallamine triethiodide (13 mg kg-' h-') and tubocurarine (1 mg kg-' h-'), and artificially respired with a N20-02 (70-30%) mixture. The blood pressure, heart rate, end-tidal PCO and rectal temperature were monitored continuously. In case of slight rises in blood pressure (from a recorded systolic maximum of 120 mmHg) or heart rate, further i.v. doses of anaesthetic were immediately given. Electrophysiology recordings were made as described in detail by Freund et al. (1985a, b) and in Kisvairday et al. (1985) . Neurones or axons were recorded both extra-and intracellularly by using glass micropipettes filled with horseradish peroxidase (HRP, Boerhinger, grade 1) in 0-1 M-KCl and 005 M-Tris at pH 7-9. After establishing the position and properties of the receptive field and latencies to electrical stimulation, the neurones were filled ionophoretically with HRP.
Fixation and tissue processing
After periods from 1 to 20 h following the ionophoretic injection of HRP the cats were given an overdose of anaesthetic and perfused through the heart with saline followed by a fixative containing 2 5 % glutaraldehyde and 1 % paraformaldehyde in 0-1 M-phosphate buffer. The block of cortex of interest was cut from the brain and sectioned in the coronal plane, 80 ,um thick, with a Vibratome (Oxford Instruments). The sections were rinsed with 0.1 M-phosphate buffer and reacted to reveal HRP enzymic activity using the p-phenylenediamine-pyrocatechol procedure (Hanker, Yates, Metz & Rustioni, 1977) with cobalt-nickel intensification (Adams, 1981; Perry & Linden, 1982) . After further rinsing the sections were treated for 45-60 min with 1 % OsO4 dissolved in phosphate buffer, dehydrated and mounted on slides in Durcupan ACM resin (Fluka) under a cover-slip and cured for 2 days at 56 'C. Uranyl acetate (1 %) was added in the 70% ethanol to enhance contrast in electron microscopy.
Correlated light and electron microscopy
The HRP-filled axons and neurones were drawn from each section using a microscope with a drawing tube attachment and reconstructed as a two-dimensional montage. Areas of interest were drawn under oil immersion, photographed under the light microscope and re-embedded for electron microscopy.
Serial sections, digitization and three-dimensional reconstruction Serial ultrathin sections were cut from selected parts of the HRP-filled axons. Ribbons of 200-300 consecutive sections (70 nm thick) were mounted on Formvar-coated slotted grids and stained with lead citrate (Reynolds, 1963) . Electron micrographs were taken at 80 kV with a 20 ,um objective aperture. Dendritic spines to be used in the quantitative study were analysed from photographs taken at a final magnification of x 21000 and were required to be completely contained within a series of photographs from consecutive sections. Profile cross-sectional areas of pre-and postsynaptic structures, and synaptic appositional lengths, were outlined with a digitizing tablet connected to a computer. Individual digitized sections were then carefully matched by translation and/or rotation around the central axis, using common reliable landmarks. Then the aligned tracings were merged together using the TRAKEM program written by R. J. D. for the purpose and providing a quasi-three-dimensional view. Rotation in the x, y or z axis was performed to allow the best graphical three-dimensional representation of the spatial configuration between pre-and postsynaptic profiles. Graphic editing was performed in the wire representation so that any mistake in the alignment or merging processes would have been discerned easily.
A total of 161 synapses, 115 of which were on dendritic spines, were examined in serial sections of an X-and a Y-axon arborizing in layer 4 in cat area 17, and from two clutch cells of layer 4. The axons are illustrated in Freund et al. (1985 b, Figs 1A and 2B), and the clutch cells are illustrated in Kisvairday et al. (1985, Fig. 1A ) and Gabbott et al. (1988, Fig. 1 ). Although electronmicrographs from these axons have been illustrated previously, that material was not suitable for the reconstructions required here, because we needed to reconstruct the entire postsynaptic spine. Hence, a completely new series of sections was taken for this study. The two synaptic types described by Gray (1959) were easily identified. Figure 1 illustrates the two types forming synapses on the head of a dendritic spine. The postsynaptic thickening seen in Fig. IA is typical of type 1, 'asymmetric' synapses. The type 2, 'symmetric' synapses were also formed by vesicle-filled boutons, but differed from the type 1 synapses in not having a distinct postsynaptic density (Fig. 1B) . The shape of the synaptic vesicles has been used as a criterion for classifying synapses, type 1 being associated with boutons containing round vesicles and type 2 with those containing pleomorphic vesicles (Colonnier, 1981) . Although this association seemed to hold for unfilled boutons, the HRP reaction product obscured the vesicle morphology and we did not rely on this criterion for classification. The type 2 boutons show immunoreactivity for antibodies directed against glutamate decarboxylase and GABA, and are generally thought to be inhibitory in function.
Conventional criteria were used to identify spines, i.e. in single sections they appeared as small, pale-staining structures that did not contain mitochondria and received synapses. Spine apparatus was not always evident in single sections but was present in serial sections (Fig. 1) . Despite taking serial sections we were unable to trace the spine neck to its parent dendrite in the majority of cases. The reason for this was due to the extreme narrowness of the spine neck and the plane of section. It was apparent from the reconstructions that the plane of section was approximately at right angles to the orientation of the spine neck. Only rarely were the spine head and the spine neck in the same section. This meant that in most cases the plane of section was tangential to the parent dendrites, making the connection between the very narrow spine neck and the dendrite impossible to see.
A type 1 synaptic contact from a single bouton was observed on the head of every serially reconstructed dendritic spine. No spine received synaptic contact from more than one bouton of this type, although single boutons made synapses with more than one target. On the very rare occasions that a second synapse was present on the spine, its morphology was type 2. Apart from cross-sectional area, there were no obvious differences in morphology between spines receiving only one synaptic contact and those receiving two. The quantitative analysis of the area of spines measured in individual sections gave an area of 0-136 jtm2 (S.E.M. = 0O004, n = 208).
Comparing spines that received a single synapse with those receiving two synapses produced an unexpected result. Spines receiving a single synapse were significantly larger in area than those with dual synapses (for twenty-eight single-input spines, mean area =0-149 ,#m2, S.E.M. = 0-005, n = 147 sections; for eight dual-input spines, mean area = 0106tm 2, S.E.M. = 0-005, n = 61 sections; P < 0-001).
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A X, P,i, *_W'? Fig. 2 . A, electron microphotograph of a spine (spine 1) receiving a type 1 synapse from an X-axon bouton. Same spine (spine 1) receiving a type 2 synaptic contact by a nonidentified axon. The HRP-filled geniculocortical bouton appears heavily electron dense. It contains round vesicles clustered in the neighbourhood of the synaptic contact and makes a type 1 synaptic contact (indicated by an arrow) with a spine (spine 1). The same spine receives a type 2 synaptic contact from an unidentified bouton (axon 1) which contains pleomorphic vesicles. This unidentified bouton makes a second type 2 synaptic A marked difference in the size of the type 1 vs. the type 2 synapse could be seen even in single sections (see Fig. 1 ). The total lengths of individual synapses were calculated by summing the lengths measured in individual sections. The results confirmed that the visible differences between type 1 and type 2 synapses were significant (P < 0O01). For type 1 synapses the mean total lengths were 2-71 ,tm (S.E.M. = 0-26, n = 36), while for type 2 synapses the mean total lengths were 1X04 ,um (S.E.M. = 0O18, n = 8).
Results from examination of spines in a random sample
In order to have a baseline estimate to compare against the sample of spines receiving identified (HRP-filled) synapses, we examined seventy-eight spines in layer 4 whose synaptic input was not labelled. These spines were sampled from the same micrographs as those containing the HRP-filled boutons. Examination of serial sections through these spines revealed that seventy-two received only a single type 1 synapse and six received a dual input of a type 1 and a type 2 synapse (e.g. Fig.  1 ). This gives a proportion of 8 % of spines of layer 4 receiving a dual input. This value is comparable to that reported by other studies (e.g. Scheibel & Scheibel, 1968; Jones & Powell, 1969; Beaulieu & Colonnier, 1985) where similar proportions were obtained from single sections from all layers of cortex. Therefore, the proportion of spines receiving a dual input in layer 4 of visual cortex does not appear to be higher than in any other cortical region so far examined.
Having established the proportion of spines in layer 4 that receive a dual input, the critical question for this study then was whether geniculocortical synapses were made on those spines that received dual input. In a previous study (Freund et al. 1985b ) we did find a second input to a pyramidal cell spine that received a Y-axon synapse. However, in that study the incidence of such dual input was not quantified. We thus examined thirty-nine HRP-filled boutons from axons that had been identified physiologically as originating from X-or Y-cells of the lateral geniculate nucleus and reconstructed their postsynaptic spine from serial sections. contact with another spine (spine 2) that also receives a type 1 synapse from another unidentified axon (axon 2) which contains round vesicles. In both cases, the two synapses on the spine are located on the spine head. B shows the outlines of profiles of interest from micrographs that were digitized for three-dimensional reconstruction. C, three-dimensional reconstruction of the spine shown in single section in the micrograph in A. D, electron micrograph of a spine contacted by an HRP-filled clutch cell bouton and by another unidentified axonal bouton forming a type 1 synapse. The HRP-filled bouton (bouton 1) appears heavily stained. It contains two mitochondria and pleomorphic vesicles and makes a type 2 synapse on the head of a spine. Within the bouton, vesicles are grouped at the vicinity of the synaptic contact which can be recognized from the widened cleft. The unidentified bouton (bouton 2) is seen to make a type 1 synaptic contact with the same spine head. This bouton contains small round vesicles and the electron-dense postsynaptic thickening is clearly visible. In the spine head, laminated structures forming the spine apparatus can be seen. E, shows the outlines of profiles of interest from micrographs that were digitized for three-dimensional reconstruction. F, three-dimensional reconstruction of the spine shown in single section in the micrograph in D. Scale bare in A and D, 05 ,um.
Spines receiving an identified geniculocortical synapse
Previous experiments show that about 80 % of the geniculocortical synapses are made on spines (Garey & Powell, 1971; LeVay & Gilbert, 1976) . In our sample the synapses made by the HRP-filled geniculocortical boutons were clear, despite reaction product that usually filled the synaptic cleft ( Fig. 2A) . Synaptic vesicles are seen within the HRP-filled bouton and in other unstained boutons in the vicinity. Figure 2B shows an outlined view of the profiles of interest from Fig. 2A. Figure 2 C shows the reconstruction from serial sections of the spine (spine 1) receiving the synaptic input from the HRP-filled X-axon bouton of Fig. 2A . In the sample of thirty-one spines contacted by a geniculocortical bouton we found only two that received the dual synaptic input illustrated in Fig. 2A -C. Note that as was found in the baseline sample, the two synapses were made opposite each other on the spine head. The type 1 synapse was larger than the type 2 synapse. These results show that spines of layer 4 which are contacted by a type 1 synapse from geniculate afferents do not typically receive an additional type 2 synapse. In fact, the proportion of spines in this sample that did receive dual input might be predicted from the baseline sample.
We examined fourteen boutons of an X-axon and twenty-five boutons of a Yaxon. Each bouton usually made one (Fig. 3B) or two synapses (Fig. 3A ) (see Freund et al. 1985a ). Out of the thirty-four synapses made by Y-boutons, twenty-one were made on spines. Out of the sixteen synaptic contacts made by X-axon boutons, nine were on spines (e.g. Fig. 3A and B) . Single boutons could make two synapses on two separate spines (Fig. 3A) . In these cases the spines were both oriented in the same direction, suggesting they may have originated from the same parent dendrite, but we were unable to provide conclusive evidence for this for reasons mentioned above.
Spines that receive a type 2 synapse from clutch cell boutons One nagging doubt remained: because we were not able to trace the spine back to the parent dendrite, we could not entirely exclude the possibility that a second synapse was being made on the spine neck. Therefore we needed to establish whether the neurones that provide type 2 synapses to spines preferentially form their synapses on the head of the spine, where it would be easily visible, or on the narrow spine neck where they might easily be missed. The obvious candidate for study was the clutch cell, a type of small basket cell, which is largely confined to layer 4 and forms about 25-35 % of its synapses on spines and shows GABA-like immunoreactivity (Kisvarday et al. 1985; Somogyi & Soltesz, 1986; Gabbott et al. 1988 ). We were also motivated to look at the clutch cell again because of an intriguing correspondence we had noted between the shape and patterning of a Y-type geniculocortical axon and the axon of a clutch cell, suggesting a close functional relationship between the two axonal types (see. Fig. 12 C and D, Gilbert & Wiesel, 1983 ; Fig. 2C , Kisvairday et al. 1985) .
A total of twenty-three axonal boutons from two clutch cells were examined in serial sections. Most of the axon from one cell was in the middle of layer 4 (see Kisvairday et al. 1985) while the axon of the other cell ramified mostly in layer 4A (see Gabbott et al. 1988 ). Out of twenty-seven synapses made by these boutons, we have found that six postsynaptic targets were spines (e.g. Fig. 2D ). We reconstructed these six spines that received synapses from the clutch cells. The results show that in all six cases these spines also received a type 1 synapse. The two synapses were always located on a profile that could be clearly identified as a spine head. The two types of synapses on the spine head were usually in a diametrically opposed location, as Fig. 2D-F shows. Thus the spine necks do not appear to be favoured targets of the clutch cell synapses, and indeed other type 2 synapses on spines seen in the same tissue seemed to follow the pattern observed for the clutch cell.
DISCUSSION
From our results it appears that the type 2 synapses on spines in layer 4 of visual cortex are not selectively targeted on those spines receiving synaptic input from lateral geniculate afferents. Since a dual synaptic input to spines is a necessary condition for a spine-based synaptic 'veto', our result suggests that most of the excitatory input from the lateral geniculate afferents that arrives on spines is transferred unscathed by local inhibition to the parent dendrite. Thus, the lack of large shunting conductances during natural visual stimulation (Douglas et al. 1988; Berman et al. 1991 ) is unlikely to be due to a synaptic veto occurring on the spine head, so being invisible to an electrode in the soma.
The method we used, i.e. serial sectioning and three-dimensional reconstruction, makes us more confident about the reliability of the present results than would the usual method of sampling from single sections. In the event, the proportion of spines receiving dual input on our estimate does not differ significantly from previous estimates based on very large numbers of single sections (Beaulieu & Colonnier, 1985) . One of our continuing concerns was that despite the careful serial sectioning, we were unable to connect most spine heads to their parent dendrites, because the spin necks were so thin and the plane of section was generally unfavourable. Consequently, if a significant proportion of the type 2 synapses were made on the proximal portion of the spine neck, then we may have missed it. For this reason we attempted to identify the precise location on spines of type 2 synapses made by a known layer 4 GABAergic cell, the clutch cell. We found that the type 2 spinous synapses made by the clutch cell boutons were located on the spine head where they would be detected in our reconstructions. Similar conclusions can be drawn for other boutons making type 2 synapses on spines.
Another line of reasoning also leads to the conclusion that type 2 synaptic inputs to the spine necks occur only rarely: if a significant proportion of type 2 synapses were made on spine necks, then this should be reflected in the statistics of the synaptic types (Beaulieu & Colonnier, 1985) . In fact, from a total of 24600 synapses sampled in single sections, only 5 % of postsynaptic targets of type 2 synapses could not be identified as somata, dendrites, or spine heads (Beaulieu & Colonnier, 1985; C. Beaulieu, personal communication) . Even if all of these 5% of unidentifiable postsynaptic targets were spine necks, which seems unlikely, this would not change our conclusion that the vast majority of spines receiving geniculocortical input do not receive an additional type 2 synapse. In this context it is also worth noting that a single afferent fibre of the lateral geniculate nucleus can form synapses on both the dendritic shafts and the dendritic spines of the same postsynaptic neurone (Freund et al. 1985 a) . The synapses on the dendritic shafts would be largely unaffected by spine-based inhibition (Jack et al. 1975) . Therefore, most of the geniculate input cannot be subject to a synaptic veto at the level of individual spines. This conclusion is supported by a consideration of the numbers of synapses involved. A spiny stellate cell of layer 4 has about 2000 dendritic spines (J. C. Anderson, R. J. Douglas and K. A. C. Martin, unpublished observations). It has been reported that the proportion of thalamocortical synapses in layer 4 is between 5% (Garey & Powell, 1971; Hornung & Garey, 1981) and 30% (LeVay & Gilbert, 1976) , with 80 % of these on spines, the remainder on dendritic shafts and somata. Assuming then that a spiny stellate cell has approximately 400 (20 %) of its spines contacted by geniculate afferent synapses, not more than 10 % of these spines would also be contacted by a type 2 synapse. Therefore, for one spiny stellate neurone, only about forty of the dendritic spines that receive geniculate synapses would also receive an additional type 2 synapse. It follows that the major part of the geniculate input to layer 4 stellate cells could not be gated by selective inhibition on spines. This, taken together with the observation than no large sustained inhibitory conductances can be measured with an intrasomal recording pipette (Douglas et al. 1988; Berman et al. 1991) , means that the synaptic veto mechanism cannot account for the stimulus selectivity of neurones in the visual cortex. This conclusion obviously generates important issues as to how inhibition does operate in the cortical circuits. The following paper (Douglas & Martin, 1991) addresses this central question by modelling the interaction of excitation and inhibition in simple circuits in the cat visual cortex.
